Abstract Purpose: A tumor-derived proteolysis-inducing factor (PIF) is suggested to be a potent catabolic factor in skeletal muscle of mice and humans.We aimed to establish the clinical significance of PIF in cancer patients and to elucidate its structural features. Experimental Design: PIF was detected in human urine using a monoclonal antibody (mAb) and related to clinicaloutcomes. PIFimmunoaffinity-purifiedusing the mAbwaspurified/separated using reverse-phase high-performanceliquid chromatography and two-dimensional electrophoresis.Tenhuman cancer cell lines were tested for expression of mRNA encoding PIF core peptide. Results: PIF immunoreactivity was present in 160 of 262 patients with advanced cancers of the lung, esophagus/stomach, and other organs. In a Kaplan-Meier survival analysis of 181 lung cancer patients, PIF was unrelated to survival; PIF status was also unrelated to skeletal muscle loss confirmed by computed tomography imaging. PIF was seen in 16 of 24 patients with chronic heart failure and thus is not exclusive to malignant disease. In-gel digestion and mass spectrometric analysis of immunoaffinity purified PIF from cancer patients consistently identified human albumin and immunoglobulins.We showed nonspecific binding of purified albumin and immunoglobulins to the anti-PIF mAb, which is thus not a useful tool for PIF detection or purification in humans. Finally, the human PIF core peptide was detected in human cancer cell lines using reverse transcription-PCR and nucleotide sequencing; however, none of the amplified products had a site for the glycosylation critical to the proteolysis-inducing activity of murine PIF. Conclusions: A putative human homologue of murine PIF and its role in human cancer cachexia cannot be verified.
A proteolysis-inducing glycoprotein [proteolysis-inducing factor (PIF)] of tumor origin mediates muscle wasting in mice bearing the MAC16 adenocarcinoma (1) . PIF elicits intense skeletal muscle catabolism in muscle cells or animals (1 -4) . Purified PIF has a mass of f24,000 Da and consists of a short polypeptide containing both N-linked (f10 kDa) and O-linked (f6 kDa) sulfated oligosaccharides (5) . Preliminary evidence (6, 7) suggested that an identical factor is associated with weight loss in cancer patients (6 -10) . Additionally, PIF was absent in cancer patients without weight loss or weight-losing patients with benign disease (7) . These results suggested discovery of a critical factor underlying human cancer cachexia, but attempts at further confirmation suggested that PIF was not necessarily associated with clinical outcomes (i.e., survival and weight loss) in cancer patient populations (11, 12) .
Regulation of expression of the human PIF core peptide, the sites at which glycosylation occurs to form the functional glycoprotein, and the structure of the oligosaccharides (5, 7), which confer the proteolysis-inducing activity to this unusual molecule, remain unresolved. A peptide sequence (7) and two patents describing the human cachexia-associated protein (HCAP) gene encoding PIF were published (Genbank accession no. AR053250 and U.S. patent 5834192). Other molecules are encoded by the same gene (13 -16) , which is now named dermcidin (DCD) because it encodes an antimicrobial peptide secreted by eccrine sweat glands (16) . The DCD gene has been mapped ( Fig. 1A ; ref. 16 ), but it is unknown how the 110 -amino acid transcript is processed into the 30 -amino acid PIF peptide and the 47 -amino acid antimicrobial peptide. The DCD gene structure potentially allows discrete expression of molecules with various functions; however, the absence of the N-glycosylation site seen in murine PIF (amino acids 13-15, Asn-Pro-Ser) in the human sequence (Asn-Pro-Cys) raises questions as to whether human PIF can be glycosylated. A Ser/Cys substitution mutant expressed in human immortalized cell lines was not glycosylated (17) .
We aimed to establish PIF prevalence in cancer patients, to investigate association of this factor with muscle loss and survival, and to purify human PIF and determine its carbohydrate structure. We also sought evidence for the presence of polymorphic species that may make glycosylation of the resultant PIF core peptide possible.
Materials and Methods
PIF quantification and purification. Anti-PIF monoclonal antibody (mAb) was purified from hybridoma cells (provided by M.J. Tisdale, Aston University, Birmingham, United Kingdom) and used for Western blot as described (7, 10) in its biotinylated form (enhanced 2 . Purification of PIF from human urine. A, urinary PIF was purified as described (7), with anion exchange chromatography as a first capture step. B, surface-enhanced laser desorption/ ionization time-of-flight mass spectrometry of immunoaffinity-purified fraction 4. C, screening of urine samples for PIF immunoreactivity using surface-enhanced laser desorption/ionization. C+, positive control specimen; C-, negative control specimen. D, reverse-phase highperformance liquid chromatography of fraction 4.1before (dotted line) and after (solid line) tryptic digestion.
chemiluminescence protein biotinylation module, Amersham). Proteins were separated by SDS-PAGE (18) on 15% gels or by twodimensional electrophoresis (19) .
A PIF assay based on matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been reported (20) . Samples were prepared as described ( Fig. 2A; ref. 21 ) and spectra were obtained using the Voyager Elite MALDI-TOF (Applied Biosystems). Surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (22) was also used for antibody-based detection (Ciphergen; Fig. 2B and C). PIF mAb (1 Ag) or negative control antibody was covalently linked to preactivated PS20 ProteinChip Arrays (Ciphergen). Spots were then blocked [0.5 mol/L Tris (pH 8.0)]. Six micrograms of total urinary protein in PBS were applied and incubated for 2 h at 23jC. Spots were then washed, dried, and then coated with sinapinic acid matrix. Arrays were read using the PBS-IIC ProteinChip Reader (Ciphergen). Immunoaffinity-purified PIF was also assayed on NP20 (normal phase) arrays (Ciphergen) for mass characterization.
Urinary PIF was purified as described ( Fig. 2A ; ref. 7) , with anion exchange chromatography as a first capture step (Bio-Rad BioLogic HR fast protein liquid chromatography system, Bio-Rad). Separation by a linear gradient with 20 mmol/L Tris-HCl (pH 8.5) up to 1 mol/L NaCl was improved by a step gradient. Peak fractions identified by Western blot were next purified by immunoaffinity chromatography and reversephase high-performance liquid chromatography as described (7) .
Immunoglobulin light chains and albumin were removed from affinity-purified 24-kDa positive fractions using the ProteoExtract kit (Calbiochem). Immunoglobulins containing n light chains were removed from affinity-purified samples by protein L chromatography (Pierce).
Reverse-phase high-performance liquid chromatography -purified PIF (fraction 4.1; Fig. 2A ) was deglycosylated using the Enzymatic Deglycosylation kit combined with the Pro-Link Extender (Prozyme). Denaturing conditions were applied as deglycosylation under nondenaturing conditions was incomplete.
Protein identification. In-gel tryptic digestion, peptide extraction, and mass spectrometric analysis were done using a Bruker MALDI-TOF mass spectrometer, Finnigan LCQ Deca ion trap mass spectrometer (Thermo), and MDS Sciex MALDI quadrupole time-of-flight (Applied Biosystems). MS/MS data were searched in the National Center for Biotechnology Information nonredundant database using Mascot Daemon (Matrix Science). Search parameters included carbamidomethylation of cysteine, possible oxidation of methionine, and one missed cleavage/peptide.
Evaluation of skeletal muscle loss by computed tomography. Data are presented for 65 lung cancer patients who had two computed tomography images framing the date of urine collection in their medical record; patients with scans at least 100 days but not >300 days apart were included. The fourth thoracic vertebra was chosen as a landmark; this plane includes pectoralis, trapezius, and scapular muscle group. Images were analyzed (Slice-O-Matic software version 4.2; Tomovision) and tissue cross-sectional area was calculated (23, 24) . The change in muscle area occurring over the interval between two scans (gain or loss) was expressed as percentage gain or loss of muscle / day Â 100. t test was used to compare rate of muscle changes between the PIF-positive and PIF-negative groups.
Cell culture and transfection of cells with DCD cDNA. Immortalized human cancer cells were cultured under standard conditions. Hormone-sensitive (LNCaP) and hormone-insensitive (PC-3 and DU145) prostate cancer, hepatocellular carcinoma (Huh-7 and Hep G2), and pancreatic adenocarcinoma cell lines (PANC-1, CFPAC, and MIA-PaCa-2) were obtained (European Collection of Cell Cultures, Salisbury, United Kingdom). Hormone-insensitive prostate cell line PC-3M was donated by C. Pettaway (M. D. Anderson Cancer Center, Houston, TX). Malignant melanoma cell line G-361 was donated by M.J. Tisdale.
A robust positive control for DCD reverse transcription-PCR was created by stably transfecting PC-3M cells, which do not express DCD mRNA (25) , with a DCD-expressing vector. Transfection was with a pcDNA3.1+DCD vector (Invitrogen) using Fugene 6 (Roche Applied Science). The pcDNA3.1+ mammalian expression vector had full-length DCD cDNA directionally cloned into the multiple cloning site using EcoRI and BamHI. Geneticin selection antibiotic (600 Ag/mL; Invitrogen) was used to select transfected cells and eventually create stable transfectants. Sham-transfected cells were also created using an empty pcDNA3.1 vector.
Reverse transcription-PCR. Total RNA was extracted from cells using Trizol (Invitrogen) and quantified by spectrophotometry. One microgram of total RNA was used for reverse transcription, after treatment with RQ1 DNase (Promega). Reverse transcription was done using avian myeloblastosis virus reverse transcriptase (Promega) according to the manufacturer's instructions.
PIF and HCAP primers were used to identify DCD cDNA (Fig. 1B) . PIF primers were designed using the Primer3 primer design program 6 and used with b-actin housekeeping primers. The PCR program for PIF and b-actin was as follows: 94jC for 5 min, then 35 cycles of 94jC for 1 min, and 56jC for 1 min followed by 72jC for 1 min and followed by 72jC for 10 min. HCAP primers (25) were used with h 2 -microglobulin (MIC) PCR control for RNA quality and reverse transcription performance. The PCR program for HCAP and MIC was as follows: 80jC for 3 min, then 35 cycles of 95jC for 5 s, and 69jC for 1 min followed by 72jC for 7 min. Primers were manufactured by Sigma.
HCAP (361 bp) and MIC (555 bp) PCR products were separated on 1.6% agarose gel. PIF (174 bp) and b-actin (535 bp) PCR products were separated on 6% acrylamide gels. Nucleotide sequencing of the PCR products was done by the Medical Research Council Human Genetics Unit (Edinburgh, United Kingdom).
Results
PIF in patient populations. Urine was obtained from 181 patients with a confirmed diagnosis of non -small cell lung cancer (stage IIIb or IV), 40 patients with various metastatic cancers, 41 patients with metastatic adenocarcinoma of the esophagus, gastroesophageal junction, or gastric cardia (11), 7 healthy volunteers, and 24 patients with decompensated chronic heart failure. Approval was provided by the institutional Research Ethics Boards and all subjects gave informed consent. Western blot using a mAb (PIF mAb) is considered the reference method of PIF detection (7, 10) . Samples used here as positive control specimens were from cancer patients and were confirmed positive using Western blot (as blinded samples) by M.J. Tisdale. Urine of weight-losing cancer patients, showing positive reaction in Western blot, was treated according to the Fig. 2A; ref. 7) . A species of f24,000 Da was observed in Western blot, MALDI-TOF MS, and surface-enhanced laser desorption/ionization time-offlight mass spectrometry in urine of positive control subjects (Figs. 2 and 3 ) and at all steps of purification.
Overall, 61% of the cancer patients and 75% of the patients with chronic heart failure who lost weight, and 58% of heart failure patients without weight loss were immunoreactive for PIF in Western blot (Table 1) . Healthy control subjects were uniformly negative in all assays. We did not find a perfect correspondence between Western blot and MALDI-TOF MS of the desalted urine as had been reported by others (8, 9) , and 26% of the cancer patients showed discordance between MALDI and Western blot results (Table 1) .
PIF expression has been related previously to weight loss in cancer patients (6 -10) and, in turn, this weight loss is known to have important prognostic significance (26 -29) . The gastric/esophageal patients did not show a relationship between PIF status and weight loss (11) . Weight data are not available on all the lung patients, but for 116 of them, there are a total of 970 individual weight records extractable from patient charts or on average 8.3 weight records per patient. When these are analyzed, 26 of 116 (22.4%) were weight losing and lost 13.1 F 6.1% (SD) of their body weight, during the 6 months encompassing the date that their PIF status was determined; the remaining patients did not lose weight. Although the rate of this loss was substantial, the incidence of PIF immunoreactivity was identical in this group (63%) as it was in the non -weight-losing group (61%). A Kaplan-Meier survival distribution curve for lung cancer patients showed no relationship between PIF status and median survival (Fig. 4A) . Because PIF is proposed to be a muscle-specific catabolic factor, we placed focus on the precise quantification of muscle loss in computed tomography images (Fig. 4B) . When we stratified the population into quartiles by intensity of muscle loss/gain (Fig. 4C) , the prevalence of PIF immunoreactivity was nearly identical in patients who gained or maintained muscle and in those who showed severe muscle loss. The distribution of muscle loss/gain by PIF status (Fig. 4D) was not different. The lack of concordance between PIF and clinical outcomes led us to examine further the nature of the signal detected by PIF mAb.
Human albumin and immunoglobulins react nonspecifically with the murine anti-PIF mAb. We investigated the proteins purified by immunoaffinity chromatography using the PIF mAb (fraction 4; Fig. 2A ), as this fraction should be selectively enriched. This characterization was complicated by low recovery of total protein after immunoaffinity chromatography (0.006-0.012%; Fig. 2A ). Representative silver-stained two-dimensional gels (Fig. 5A) show that the immunoaffinity-purified fraction contains more than 30 proteins with a broad range of sizes and apparent isoelectric points. The corresponding Western blots (Fig. 5B) showed at least five immunoreactive spots, including two >70,000 Da. A high molecular weight protein reacting with the PIF mAb was postulated to be PIF tightly attached to albumin (30) . However, the sequence of the >70-kDa immunoreactive spots was consistent with albumin only. Three spots were visualized in the size range reported for PIF (f24,000 Da) on twodimensional gels, in all cases characterization of these spots by MALDI-TOF MS/MS revealed immunoglobulin fragments ( Fig. 5B; Table 2 ). No peptide corresponding to the reported sequence of PIF peptide was observed in any of the analyses of immunoreactive spots, in any of eight cancer patients evaluated in this manner.
When fraction 4 was treated to remove immunoglobulins, all immunoreactive entities of f24 kDa in Western blot of the two-dimensional gel were eliminated (Fig. 5B, bottom) as did the MALDI-TOF MS peak at 24,000 Da. Nonspecific binding of the antibody was shown with commercially available human IgG and albumin; both reacted strongly with PIF mAb on Western blot (Fig. 5C and D) . Furthermore, purified IgG showed a clear peak in MALDI-TOF MS at f24,000 Da (Fig. 5D) . These results suggest that the apparent PIF signal in human urine is attributable to a nonspecific reaction.
Fraction 4.1 in the PIF purification schema (after reversephase high-performance liquid chromatography) was subjected to tryptic digestion. Although published structural data suggest that glycosylated PIF is resistant to trypsin (5), when fraction 4.1 was trypsinized without prior deglycosylation, both the single major protein peak (Fig. 2D ) and the MALDI-TOF signal at 23.8 kDa were abolished. Sequence data on the tryptic digests of both the native and deglycosylated fractions were also consistent with immunoglobulin fragments (data not shown).
Expression of DCD mRNA by human cancer cell lines. DCD mRNA expression was consistently detected in the human cancer Table 2 . Details of the immunoreactive spots (Fig. 5B) Research.
on April 20, 2017. © 2007 American Association for Cancer clincancerres.aacrjournals.org Downloaded from cells by reverse transcription-PCR. Subsequent PCR product nucleotide sequencing using both the PIF (Fig. 6A) and HCAP (Fig. 6B) primers confirmed the identity of the amplified products. The PIF primers amplified a band of the appropriate size (174 bp) in 8 of the 10 cell lines ( Fig. 6A; Table 3 ): PC-3, PC-3M, DU145, G-361, Hep G2, CFPAC, PANC-1, and MIA-Pa-Ca-2 but not in LNCaP or Huh-7. HCAP primers amplified a band of appropriate size (361 bp) in 7 of the 10 cell lines (Fig. 6B ; Table 3 ): PC-3, PC-3M, DU145, Hep G2, CFPAC, PANC-1, and MIA-Pa-Ca-2 but not in LNCaP, G-361, or Huh-7 cells.
The products generated from PIF and HCAP primers were sequenced. DCD cDNA was confirmed in products amplified from PC-3, PC-3M, DU145, G-361, Hep G2, CFPAC, and MIAPa-Ca-2 cells ( Fig. 6A; Table 3 ). In all cases, the sequences obtained were those of the sections of the DCD cDNA nucleotide sequence that the primers were designed to amplify. Fig. 5 . Human albumin and immunoglobulins react nonspecifically with the murine mAb. A, two-dimensional gel electrophoresis of fraction 4 (affinity purified on PIF mAb column; Fig. 2) , from a representative cancer patient. B, Western blot of gel shown in (A), using PIF mAb.The immunoreactive spots, except spot 1, could be identified by in-gel tryptic digestion and MALDI-MS/MS from the corresponding spot eluted tryptic peptides followed by database search in Swiss Prot or National Center for Biotechnology Information (Table 2) The sequences from PC-3, PC-3M, DU145, G-361, Hep G2, CFPAC, and MIA-Pa-Ca-2 cell lines and the positive control were all identical and exactly matched that of DCD cDNA (Fig. 1) . The region of the DCD cDNA, which corresponds to the PIF core peptide cDNA, also had an identical sequence in all of the positive cell lines and positive control, and it exactly matched the published sequence of the putative human homologue of PIF (17) . There were no polymorphic forms with mutations at the sites of the putative PIF N-glycosylation and O-glycosylation sites, which would make glycosylation likely to occur. Finally, Western blot on total protein lysates from the cell lines expressing DCD mRNA as well as the DCD-transfected positive control cells was done using the PIF mAb, and in no case was a band at f24,000 Da observed (data not shown).
Discussion
The reported detection and purification of PIF has been based entirely on a mAb originally isolated from NMRI mice (7) . Here, we show that this antibody is not a useful tool for the study of PIF in humans, due to its lack of specificity and, in particular, strong reactivity toward human albumin and immunoglobulins. All efforts to determine the protein sequences within the immunoaffinity-purified fraction led to the identification of albumin and immunoglobulin fragments. A detection method based on MALDI-TOF MS (8, 20) was also not a valid tool for PIF detection.
PIF was reported to associate specifically with the weight loss of malignant disease; this was based on its absence from healthy controls and 17 weight-losing patients with trauma or sepsis (7) . Subsequent results do not support the specificity of PIF to malignancy or association with weight loss or muscle catabolism. PIF immunoreactivity in urine was reported to have a low sensitivity (54%) and specificity (71%) for the detection of pancreatic tumors and a low sensitivity (57%) and specificity (63%) for the distinction of pancreatic cancer from pancreatitis (31) . We further show PIF immunoreactivity in chronic heart failure patients. Additionally, mRNA encoding the PIF core peptide was reported recently in nonmalignant tissue (12) . The Western blot signal using PIF mAb had no relationship with survival in our or other studies (10, 11) . This is an important discrepancy because weight loss predicts survival, especially in cancers of the lung (26 -28) and esophagus (29) . Computed tomography image analysis allows for a highly precise description of the rate of skeletal muscle loss (23, 24) . Our observation that PIF immunoreactivity was not associated with skeletal muscle atrophy is not concordant with the premise that it is a muscle-specific PIF.
We showed that mRNA for DCD is expressed by multiple human cancer cells, with only minor differences from previous results (25) , possibly due to clonal variation within cell lines. DCD cDNA was identified by both sets of primers utilized; however, sequencing of the PCR products was consistently possible only from the PIF primers. All PCR products revealed a sequence identical to that described as a human homologue of PIF (7). These results indicate that production of the 110 -amino acid DCD polypeptide as well as the 30 -amino acid PIF core peptide is theoretically possible by these cell lines.
Glycosylation of PIF core peptide is crucial in the increased muscle proteolysis induced by PIF in mice (i.e., the peptide alone is devoid of proteolysis-inducing activity; ref. 5). There are three putative O-glycosylation sites and two possible N-glycosylation sites on the murine PIF core peptide (5). An Asp-X-Ser/Cys sequon is required for N-glycosylation, in which X may be any amino acid other than proline. One of the putative N-glycosylation sites does possess this Asp-X-Ser/Cys sequence. However, the sequence is Asp-Pro-Cys, and as such, N-glycosylation is unlikely to occur (32) . Bioinformatic analysis shows that the PIF core peptide is unlikely to be O-glycosylated at any of the putative sites in the sequence (N-glycosylation and O-glycosylation were modeled, respectively, using Net N-Glyc 7 and Net O-Glyc 8 ; ref. 33 ). There has been a single report that glycosylated PIF can be produced in human cells, melanoma G-361 (34) . However, the PIF core peptide is unlikely to be found in a glycosylated form in these or the cell lines studied here, based on the predicted amino acid sequence. Indeed, Monitto et al. (17) were only able to detect an unglycosylated secreted protein on stable forced expression of human PIF in multiple murine and human cell lines. This group also found that tumor xenografts overexpressing human PIF protein did not induce cachexia in vivo.
The apparent incidence of PIF in cancer patients, as well as lack of a clear relationship with survival, weight loss, and skeletal muscle atrophy, is explained by our work. Immunoglobulin light chain, the major protein in human urine crossreacting with the PIF mAb, coincidentally migrates in SDS gels near the reported size of PIF. A further coincidence is that immunoglobulin n light chains are normally absent from the urine of healthy humans but have been shown to represent one of the major species appearing differentially in the urine of lung cancer patients (35) . This may not be surprising in the light of intense neurohormonal and immune activation characteristic lung cancer and heart failure.
It may ultimately prove difficult to definitively determine whether PIF exists in humans. No source of authentic murine or human PIF is generally available. The reported sequence encodes a peptide with no apparent site for the critical glycosylation, and the mAb has extensive nonspecific reactivity, precluding its use for either detection or purification. The search for a molecule of such extremely low abundance would seem unlikely to be successful, in the absence of a highly selective means of identification and separation and to these ends novel biological tools and purification methodologies are awaited.
